Abstract: This work presents a unified dynamic model describing Microbial Fuel Cells and Microbial Electrolysis Cells (MxCs). The same set of kinetic equations is used to describe microbial activity in the anodic compartment of a microbial fuel cell and a microbial electrolysis cell, while cathodic reactions leading to electricity and hydrogen production are described by their respective dependencies. We present the results of parameter estimation and model validation, and an example of MxC model application for process control purposes.
INTRODUCTION
Electrochemical systems represent a novel alternative for energy recovery from organic waste and biomass residue, where microorganisms can be employed to catalyze electrochemical oxidation-reduction reactions. Microbial electrochemical cells such as Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs) are among such bioelectrochemical systems. Together, MFCs and MECs could be represented by the acronym MxC. Performance of MxCs largely depends on anaerobic biofilm occupied by anodophilic (electrogenic) microorganisms, which transfer electrons to the anode during their metabolism (Bond et al. 2002) . Though anodic compartments in all MxCs are similar, the cathode reactions differ. MFCs operate with cathodes exposed to air resulting in oxygen reduction reaction at the cathode and electricity production (Logan et al. 2006) . In contrast, MECs require a small additional input of electrical energy provided by an external power supply to facilitate the reaction of hydrogen formation on the cathode (Rozendal et al. 2006) .
Successful development and operation of MxCs requires knowledge of the processes of electron transfer by the microorganisms (Reguera et al. 2005) , operating conditions (Aelterman et al. 2008) , and suitable external resistance (Woodward et al. 2010) . One solution for the complex problems posed by MxCs is to build a mathematical model that can be used to optimize MxC design and operating conditions, as well as to maximize anodophilic microbial activity, and to develop process control strategies.
Despite their importance, few MFC models are presented in the literature, while no MEC models are available. The processes of electron transfer (Marcus et al. 2007 ) and power generation (Zeng et al. 2010 ) have been modeled before, but did not take into account the microbial competition for a common source of carbon. Recently, we presented a MFC model that can describe the competition between anodophilic and methanogenic microorganisms (Pinto et al. 2010b) . This model has been used to study the influence of external resistance (R ext ) on biofilm growth in a MFC, showing the key role of this variable (Pinto et al. 2010a; Pinto et al. 2010c ).
In the study presented below, we continue the subject of MxC modeling by presenting a unified model capable of describing electricity and hydrogen production. Results of model validation for both MFC and MEC modes of operation are presented and the perspectives of MxC model application for process design, optimization, and control are discussed.
MODEL FORMULATION
The model equations presented here are based on the twopopulation MFC model developed by Pinto et al. (2010b) , which described the competition between anodophilic and methanogenic bacteria for acetate. This model is now expanded with an objective to simulate both electricity and hydrogen production with a relatively simple, fast convergence dynamic model. The MxC model considers the existence of anodophilic and methanogenic (acetoclastic and hydrogenotrophic) populations and takes into account acetate as the only carbon source supplied to the MxC. Modeling of biofilm formation is simplified by dividing the biofilm into two distinct layers and assuming a homogeneous distribution of microorganisms within each layer (Rauch et al. 1999) . The biofilm growing on the anode surface (first biofilm layer) is assumed to consist of anodophilic and acetoclastic methanogenic microorganisms. The former are capable of utilizing the anode as a terminal electron acceptor while the latter produce methane. The charge transfer mechanism from a carbon source to the anode is assumed to involve an intracellular mediator, which exists in the reduced and oxidized forms (Pinto et al. 2010b) . It is assumed that the second biofilm layer is located at the cathode surface. This biofilm consists of hydrogenotrophic methanogens, which convert hydrogen produced at the cathode into methane. The proposed conceptual model is summarized in Fig. 1 The following assumptions were made: 1. acetate is assumed to be the only carbon source; 2. the carbon source is well distributed in the anodic compartment, therefore ideal mixing is assumed and acetate gradient in the biofilm is neglected; 3. uniform distribution of microbial populations in the biofilm is assumed and biomass retention due to biofilm formation is described by a hybrid model with growth-washout phases as described below; 4. a constant pool of intracellular electron transfer mediator in anodophilic microorganisms is assumed; 5. biomass growth in the anodic liquid is assumed to be negligible due to short hydraulic retention times used for MxC operation (washout conditions); 6. instant gas transfer from liquid to gas phases is assumed; 7. temperature and pH are considered fully controlled and kept constant.
The acetate and intracellular mediator transformations by three microbial populations can be described by the following transformations: Anodophilic microorganisms: 
For a continuous flow MxC considering that the influent and effluent flow rates are the same, the following acetate and microorganisms' material balances can be written: Biofilm formation and retention in each biofilm layer is based on a two-phase biofilm growth model (Pinto et al. 2010b ). Each layer is assumed to hold not more than a maximum attainable biomass concentration (X max ) and as the biofilm approaches its steady state thickness a stationary phase is assumed (Wanner and Gujer 1986) . The biofilm retention constants can be defined as:
where X max is the maximum attainable biomass concentration of the biofilm layer
The methane production rates in biofilm layers 1 and 2 can be described by the following balance equations:
For MEC, the hydrogen production rate is described by: 
Intracellular Material Balances of Anodophilic Microorganisms
The following balance equations can be written for each anodophilic microorganism:
where 
Kinetic Equations
By using multiplicative Monod kinetics the following equations can be written:
where µ max is the maximum growth rate [d -1 ] ; q max is the maximum acetate consumption rate [mg-A mg-
Hydrogenotrophic methanogens
The hydrogenotrophic methanogens consume hydrogen produced at the cathode. Their growth in biofilm layer 2 ( Fig.  1 ) was assumed to be limited by the saturation concentration of hydrogen in water (1 mg L -1 ). Furthermore, gas to liquid transfer limitation was neglected so that dissolved hydrogen concentration was assumed to be at its saturation value if hydrogen was produced at the cathode (MEC). When no hydrogen was produced (i.e. MFC), the concentration of dissolved hydrogen is assumed to be equal to zero and therefore the growth rate is equal to zero. This dependence can be represented by: anode and cathode reactant mass transfer processes. Here, concentration losses at the cathode will be neglected due to the small size of protons resulting in a large diffusion coefficient. The concentration losses at the anode can be calculated using the Nernst equation (Pinto et al. 2010b ):
where R is the ideal gas constant [J K -1 .mol -1 ], and; T is the MxC anode temperature [K] .
Furthermore, activation losses can also be separated between the electrodes. As has been shown before (Pinto et al. 2010b 
where I 0 is the exchange current density in reference conditions [A] ; A sur,A is the anode surface area [m 2 ]; and β is the dimensionless transfer coefficient that represents the activation barrier symmetry. Finally, in Eq.20, Ohm's low can be used to compute the MFC current (E = I MFC R ext ) and for an MEC, the applied voltage should be negative (E = -E applied ).
As shown in Pinto et al. (2010b) , the concentration losses can be more accurately represented by the addition of boundary conditions at high current densities. To avoid discontinuity when integrating model equations, the boundary conditions were replaced with a Monod-like term that limits calculated MxC current at low values of M red . Therefore, the MFC and MEC current can be calculated by combining Eqs. 
Numerical Methods and Calculations
Integration of model equations was performed in MATLAB (Mathworks Inc., Natick, MA, USA). Model parameters were estimated by minimizing the following objective function: 
PARAMETER ESTIMATION AND VALIDATION

Microbial Fuel Cell
The model responses will be compared with experimental results obtained in a MFC fed with acetate at three influent concentration levels of 500, 1000, and 2000 mg-A L -1 . The anodic compartment was kept at 25°C with a temperature controller. Weekly polarization tests (PT) were performed during the experiment, when the R ext was manually decreased from open circuit voltage to low R ext values, with measurements acquired after a delay of 10 min after each resistance change. PT test gave information about the open circuit voltage and MFC internal resistance. When PT tests were not being performed, the value of R ext was determined by the perturbation observation method (Woodward et al. 2010) , which was used to maximize power output. The MFC model ability to predict voltage measurements during on-line control of R ext is therefore evaluated. Detailed experimental design, operation, characterization, and analytical methods can be found in Pinto et al. (2010b) .
The same model parameters as in Pinto et al. (2010b) were used for model validation (table 2) , except E MAX , which was chosen based on the measured open circuit voltage. Figure 2 shows a comparison of model predictions with the experimental results for acetate effluent and voltage. The peaks in the voltage measurements represent PT tests. As one can see, a good agreement was obtained between measured and predicted effluent acetate and output voltage (Fig 2 a, and  b) . Even with the R ext variations, output voltage was successfully predicted. 
Microbial Electrolysis Cell
To simulate MEC outputs, parameters of the MxC model described above had to be estimated. Two MEC data sets were required: one for parameters estimation (MEC-1) and the other for model validation (MEC-2). MEC-1 was fed with acetate at three concentration levels: 1000, 1500, and 1900 mg-A L -1 , while MEC-2 was fed with acetate at either 1500 or 1900 mg-A L -1 . In both tests MECs were kept at 30°C with a temperature controller. The applied voltage was always set to 1 V, except during voltage scan tests. These tests were performed periodically by varying the applied voltage from 1.2 V to 0.3 V with current measurements at each applied voltage.
Detailed experimental design, operation, characterization, analytical measurements, and MEC construction can be found in Manuel et al. (2010) .
Because the tests were carried out in MECs that were in operation for over one month prior to the test startup, initial conditions for biomass density were set close to the maximum attainable biomass density (i.e. x h ≈ X max,h ) and no growth rates could be estimated. Furthermore, no quantifiable methane production in the anode was measured during all tests, apparently because the acetoclastic methanogens were outcompeted by the anodophilic microorganisms during MEC operation preceding the test (Pinto et al. 2010c) . Therefore, the initial concentration of the acetoclastic methanogenic microorganisms was set to zero (x m = 0). Due to the difference in anodic compartment temperature between MFC and MEC tests (25°C vs 30°C), maximum reaction rates had to be reestimated. After selecting the model parameters to be identified, the objective function defined in Eq. (27) was minimized using the Nelder-Mead simplex algorithm implemented in the FMINS subroutine of the MATLAB Optimization Toolbox. The state variables used for the minimization were measured values of acetate concentration, current, hydrogen production, and methane production in the anode and cathode compartments. R 2 values of model outputs for all data sets are provided in Table 1 . 
DISCUSSION
In recent years, there was a significant increase in publications dedicated to MxC microbiology and electrochemistry. However, most of this research was limited to experimental methods thus limiting the ability to apply the acquired knowledge to process control and design, where the existence of an adequate and relatively simple process models is desirable. The MxC model presented above attempts to close this gap by providing a simulation tool that can be used for design, optimization, and control purposes. For example, our MxC model can be used to simulate an integrated process of wastewater treatment and energy production. The optimum treatment capacity (flow rate for a given effluent concentration) could be determined as a function of desired effluent and influent concentrations. However, such optimum flow calculation is bound to present errors in reality, since the model presents many assumptions and parameters such as maximum growth and acetate consumption rates, which are estimated with a certain confidence interval. Another approach would be to control the effluent composition by manipulating the influent flow so that the optimum treatment capacity can be found. A PI controller can be used to maintain a pre-set effluent composition by controlling the influent flow without presenting errors due to parameter estimation uncertainties.
In the example provided below, performance of a MEC and a MFC equipped with a PI controller is simulated during a step decrease in the influent concentration from 1100 to 1000 mg-A L -1 . In these simulations model parameters were kept as in Table 2 . Same controller parameters were used in both simulations. The simulation results are presented in Figure 4 . As one can see, both systems showed very similar responses. New flow rates were reached in about 20 min, while the effluent concentration returned to its set-point in approximately 50 min. The MEC demonstrated slightly higher treatment capacity as compared to the MFC. This can be explained by the difference in kinetic constants (maximal reaction rates) estimated for the two modes of MxC operation.
CONCLUSIONS
This study presents a unified MxC model capable of simulating electricity production (MFC) as well as hydrogen production (MEC). Cathodic reactions in MFCs and MECs are represented by two distinctive electrochemical balances, while the same set of equations was used to describe anodic compartment balances. The previously developed MFC model was validated using a new data set thus confirming the predictive power of the model. Furthermore, the MxC parameters were estimated using MEC tests and the model was successfully validated on the independent data set. An application of the resulting MxC model for process control purposes was demonstrated. 
APPENDIX
